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ABSTRACT 

S tud ie s h a v e been c a r r i e d out on the m i g r a t i o n of p lu 
t o n i u m and a m e r i c i u m in so lu t ions flowing t h r o u g h p o r o u s and 
c r u s h e d r o c k and t h rough f i s s u r e s . The m i g r a t i o n p r o c e s s c a n 
be d e s c r i b e d in t e r m s of the s u r f a c e a b s o r p t i o n of t h e s e e l e 
m e n t s . In add i t ion , c h e m i c a l effects on the a b s o r p t i o n have been 
o b s e r v e d . One of t h e s e effects i s p o s s i b l y due to the p r e s e n c e 
of a p l u t o n i u m p o l y m e r tha t m i g r a t e s at a m o r e r a p i d r a t e than 
n o r m a l p lu ton ium. 

I. INTRODUCTION 

When r a d i o n u c l i d e s a r e s t o r e d a s w a s t e s , e i t h e r in p e r m a n e n t r e p o s i 
t o r i e s o r in w a s t e - s t o r a g e a r e a s , the p o s s i b i l i t y of e s c a p e into the e n v i r o n m e n t 
m u s t be c o n s i d e r e d . Th i s e s c a p e m a y r e s u l t in a i r b o r n e c o n t a m i n a t i o n o r in 
c o n t a m i n a t i o n of e n v i r o n m e n t a l s u r f a c e s . Th i s r e p o r t does not c o n c e r n i t se l f 
wi th a i r b o r n e c o n t a m i n a t i o n , but r a t h e r wi th the s u r f a c e c o n t a m i n a t i o n and the 
t r a n s p o r t and m i g r a t i o n of r a d i o n u c l i d e s into the l i t h o s p h e r e t h r o u g h the a g e n c y 
of w a t e r . 

R e g a r d l e s s of the o r i g i n a l m a n n e r of e s c a p e of r a d i o n u c l i d e s f r o m t h e i r 
c o n t a i n e r s and the c h a r a c t e r of the m a t e r i a l wi th wh ich they c o m e in c o n t a c t , 
they m u s t p e r f o r c e u l t i m a t e l y be found in the r o c k s tha t f o r m the condu i t s and 
a q u i f e r s . W a t e r in the f o r m of r a i n wi l l i nev i t ab ly w a s h c o n t a m i n a n t s in to s o i l s 
and t h e n c e in to conduc t ing r o c k s . The m i g r a t i o n of r a d i o n u c l i d e s m u s t follow 
w^idely v a r y i n g p a t h s . In the p o r o u s r o c k s , for e x a m p l e , w a t e r p e r c o l a t e s 
e a s i l y u n d e r a s l igh t p r e s s u r e g r a d i e n t , and r a p i d m o v e m e n t of l a r g e v o l u m e s 
of w a t e r c a n r e s u l t - - w i t h p o s s i b l e c o n c o m i t a n t t r a n s p o r t of l a r g e a m o u n t s of 
c o n t a m i n a t i n g m a t e r i a l s . 

In r e l a t i v e l y n o n p o r o u s r o c k s such as N i a g a r a l i m e s t o n e s the t r a n s p o r t 
m e e t s m u c h m o r e r e s i s t a n c e and the v o l u m e s of w a t e r conduc ted a r e c o r r e 
spond ing ly r e d u c e d . In such s i t u a t i o n s , m u c h of the m i g r a t i o n of w a t e r and i t s 



so lu tes m a y be th rough c r a c k s and f i s s u r e s in the rock . C e r t a i n s t r a t a of 
rock or rock p r o d u c t s m a y be a l m o s t i m p e r v i o u s to flow of w a t e r and by th i s 
token m a y be c o n s i d e r e d to be an e s p e c i a l l y su i t ab le " c o n t a i n e r " for l o n g - t e r m 
safe s t o r a g e of n u c l e a r w a s t e s , p a r t i c u l a r l y if t h e s e s t r a t a a r e q u i e s c e n t . A 
s e r i e s of inves t iga t ions w a s u n d e r t a k e n to e x a m i n e the p r o p e r t i e s of r o c k s in 
act ing as a r e t a r d i n g agent in the m i g r a t i o n of r a d i o n u c l i d e s . 

The r o c k s d i s c u s s e d in th i s r e p o r t a r e N i a g a r a l i m e s t o n e ( c h o s e n for 
i ts dens i ty and fine p o r o s i t y ) , b a s a l t f r om the Idaho Na t iona l E n g i n e e r i n g 
L a b o r a t o r y , and Los A l a m o s tuff. The l a t t e r two w e r e c h o s e n b e c a u s e c e r t a i n 
Eimounts of r a d i o c h e m i c a l w a s t e s have b e e n i n t r o d u c e d into t h e m o v e r the p a s t 
few d e c a d e s , and it b e c o m e s of p r a c t i c a l i n t e r e s t to s tudy m i g r a t i o n b e h a v i o r 
in rock f rom a r e a l s i t e . 

A t t empt s have been m a d e to s tudy the i n t e r a c t i o n of v a r i o u s r o c k s with 
plutonium and a m e r i c i u m in v e r y di lute aqueous so lu t ion (~10~ M. to 10" M). 
These e x t r e m e di lu t ions w e r e u s e d b e c a u s e it s e e m s l ike ly that the g e n e r a l 
d i s p e r s a l of c o n t a m i n a n t s , even f rom a zone of high c o n c e n t r a t i o n , wi l l u l t i 
m a t e l y lead to v e r y di lute so lu t ions in a r e a l s i tua t ion . 

The binding of p lu ton ium to r o c k a s a function of the sa l t con ten t of 
w a t e r in contac t with the rock was a l so c o n s i d e r e d . It w^as d e e m e d i m p o r t a n t 
to examine the consequences of coming in con tac t w^ith aqueous sa l t so lu t ions . 
Sodium ch lo r ide was chosen a s the m o s t p r o b a b l e c a n d i d a t e b e c a u s e of i t s 
ubiquity and a l so b e c a u s e of the p o s s i b i l i t y of us ing bedded sa l t a s a r e p o s i t o r y . 
It i s not m e a n t to d i s r e g a r d o the r ions as po ten t i a l s o l u t e s . Obvious ly , Ca"^^, 
Mg , SOj, and COj a r e a l so of i m p o r t a n c e and should a l s o be e x a m i n e d in 
this context . 

We a l so under took to identify the ionic s p e c i e s of p lu ton ium p r e s e n t . 
Because of the e x t r e m e di lut ion of the ions ( t r a c e r ) conven t iona l m e t h o d s of 
ident if icat ion (absorp t ion s p e c t r a , e tc . ) could not be u s e d . On the o the r hand, 
this e x t r e m e l y di luted solut ion had to be u s e d b e c a u s e , a s po in ted out e a r l i e r , 
it m o s t n e a r l y s i m u l a t e s the n a t u r a l s i tua t ion . E x t r e m e l y m i n u t e a m o u n t s of 
rad ionuc l ides m a y be l eached f rom a s o u r c e and s o m e h o w find t h e i r way 
through the p o r e s of r o c k s . T h e s e a m o u n t s of r a d i o n u c l i d e s in any p e r c e p 
t ible amount of w a t e r c a r r i e r would cons t i t u t e a so lu t ion of d i lu t ion c o m p a r a b l e 
with or l e s s than the t r a c e r so lu t ions u s e d . 

We cannot comple t e ly ru l e out that the r a d i o n u c l i d e s o r p a r t of t h e m 
a r e not in t r ue solut ion but m a y be c a r r i e d on co l lo ida l p a r t i c l e s o r thennse lves 
a r e col loidal . ^ 

E x p e r i m e n t s in e l e c t r o m i g r a t i o n show that the p lu ton ium is c h a r g e d , 
but in itself, th is o b s e r v a t i o n does not p r o v e the ionic n a t u r e of p l u t o n i u m in 
solut ion, s ince r ad ioco l lo ids f r equen t ly a r e c h a r g e d . 



Exper iments were also c a r r i e d out to de termine the effects of sal ts on 
the absorption of actinides on rock surfaces . The effects of the formal cationic 
charge of the added sa l t s , as well as the concentrat ion of the sa l t s , were 
investigated. 

Source Mater ia l 

Los Alamos tuff, a natural ly compacted volcanic ash, a l ready has 
had actinide was tes deposited in selected locations, and it was natural ly of 
in te res t to compare a controlled labora tory experiment with the actual situa
tion at a disposal site. Los Alamos tuff is also a par t icu la r ly desi rable ma t e 
r ia l to work with in the labora tory since its physical cha rac te r i s t i c s pe rmi t 
easy handling and coring. Consequently, exper iments were ca r r i ed out using 
Los Alamos tuff to m e a s u r e the migra t ion of plutonium into mass ive blocks 
under conditions simulating the "natural" ones occurr ing at the Los Alamos 
site. 

Basalt was also tested because it has been used at the EBR-II site 
for disposal purposes and i ts p roper t i es were studied for the reasons l is ted 
previously. Basal ts occurr ing in the regions around the Idaho National 
Engineering Labora tory tend to be m o r e or l ess porous , but a re much 
harder and m o r e difficult to deal with than the Los Alamos tuff. 

Finally, a dense l imestone was selected (Chicago dolomite). This 
choice was made because the ma te r i a l is only slightly pervious to the flow of 
water, but at the same t ime is a well-known Illinois aquifer. It was thus of 
in teres t to m e a s u r e the relat ive migrat ion ra t e s of actinides and water through 
this ma te r i a l . 

Los Alamos tuff is so porous that water readi ly flows through it. 
Basalt , being much less porous , was used mainly in surface-absorpt ion exper i 
ments in which f i s sures and c racks were simulated. Finally, the re la t ively 
impervious Chicago dolomite was used in conjunction with a h igh -p re s su re 
apparatus that was found n e c e s s a r y to effect movement of water through the 
mate r ia l . The two la t te r rocks mentioned also were tested to observe the 
al terat ion of binding ability in the p resence of salt solutions. 

n . RADIOASSAY PROCEDURE AND TRACER PERPARATION 

Most long-lived plutonium isotopes a r e alpha e m i t t e r s , and their use 
would requ i re a lmost complete separat ion of extraneous solid ma te r i a l s for 
accura te determinat ion by alpha counting. 

In the exper iments in this labora tory , the 47-day half-life, K-capturing 
isotope ^^'Pu was frequently employed because of i ts easy detectabili ty. The 
100-keV X ray is readi ly observed in a g a m m a - r a y spec t romete r , and the 
re su l t s may be made quantitative by controlling the geometry of the detecting 



10 

a r r a n g e m e n t . Consequen t ly , l a b o r i o u s p lu ton ium s e p a r a t i o n s f r o m l a r g e 
quan t i t i e s of rock w e r e avoided, and the s a m p l e c o r e s w e r e counted d i r e c t l y . 
The ^^'Am was l ikewise d e t e r m i n e d by o b s e r v a t i o n of i t s g a m m a r a y . The 
s p e c t r o m e t e r used p e r m i t t e d the s innul taneous d e t e r m i n a t i o n of a m e r i c i u m 
and p lu tonium in the s a m p l e and c a n c e l e d out any c o r r e c t i o n s due to g e o m e t r y . 
S i m i l a r l y , an X - r a y s p e c t r o m e t e r w a s u s e d to de t ec t the a t t enua t i on of P u L 
X r a y s as the p lu tonium m i g r a t e d into the body of a p i e c e of rock . M e a s u r i n g 
the changes in the L a / L g or L y / L g r a t i o s p e r m i t t e d the p e n e t r a t i o n of p lu ton ium 
into the solid to be ca l cu l a t ed af ter c a l i b r a t i o n with s tone a b s o r b e r s . 

T r a c e r solut ions w e r e p r e p a r e d by us ing a l i quo t s of s tock so lu t ions of 
the t r a c e r and evapora t ing t h e m to d r y n e s s with HNO3 in a s m a l l v o l u m e t r i c 
flask. The evapora t ion was c a r r i e d out at a c o m p a r a t i v e l y low t e m p e r a t u r e 
to avoid decompos ing the solid n i t r a t e s ob ta ined a s a r e s i d u e . The a m e r i c i u m 
and plu tonium w e r e b rough t into " so lu t ion" wi th d i s t i l l e d w a t e r , and th i s 
aqueous solut ion was u sed in the r o c k - m i g r a t i o n e x p e r i m e n t s . 

The i so tope ^^^Pu w a s obta ined by b o m b a r d m e n t of ^^^Np a s the d r i e d 
n i t r a t e with 21-MeV deu t e rons in the A r g o n n e c y c l o t r o n a c c o r d i n g to the 
r eac t i on " ' 'Np(d ,2n)" ' 'Pu . The " ' ' P u and the " ' 'Np n i t r a t e m a t r i x w a s d i s s o l v e d 
with 9M HCl. F ive p e r c e n t HNO3 w a s added to the HCl so lu t ion to e n s u r e that 
the ac t in ides would be r e t a i n e d on an i o n - e x c h a n g e c o l u m n (Dowex A- 1) a s 
Pu(lV) and Np(Vl). Subsequent ly , h o w e v e r , add i t ion of iodide ion (a s HI o r 
NH4I) r educed the p lu tonium to the III s t a t e which w a s no l o n g e r bound by the 
anion r e s i n and was co l l ec t ed in a r e c e i v e r a s the ac id so lu t ion p a s s e d th rough 
the column. 

Genera l ly , m o r e than one cyc le w a s r e q u i r e d to f r ee the ^^'Pu c o m 
ple te ly f rom the neptunium. 

A m e r i c i u m was obta ined by a l lowing p lu ton ium conta in ing ^^'Pu to decay. 
This isotope be ta decays to ^''^Am. The a m e r i c i u m w a s s e p a r a t e d f r o m the 
plutonium by ion -exchange or s o l v e n t - e x t r a c t i o n p r o c e d u r e s . 

III. INSTRUMENTATION 

The g a m m a - r a y sc in t i l l a t ion s p e c t r o m e t e r (F ig . 1) c o n s i s t e d of two 
s ing le -channe l a n a l y z e r s coupled to a c o m m o n sod ium iodide wel l d e t e c t o r , 
p r e a m p l i f i e r , amp l i f i e r , and s c a l e r s . Set t ing each a n a l y z e r for the a p p r o 
p r i a t e ene rgy enabled the two i so topes to be d e t e r m i n e d . 

The X - r a y s p e c t r o m e t e r was a S iLi d e t e c t o r m a d e by KEVEX c a p a b l e 
of reso lv ing d i f fe rences in X - r a y e n e r g i e s of 180 eV. 

The scanning a lpha d e t e c t o r SADSAC was c o n s t r u c t e d at A r g o n n e 
National L a b o r a t o r y and c o n s i s t e d of a p r o p o r t i o n a l c o u n t e r whose a p e r t u r e 



w a s a s l i t 0 .005 in. (0.127 m m ) wide . The s a m p l e w a s p l a c e d on a m o v a b l e 
t ab l e and a d v a n c e d u n d e r the s l i t in a r e g u l a r m a n n e r 0.010 in. (0.254 m m ) at 
a t i m e by a m i c r o m e t e r a r r a n g e m e n t . A s c a l e r and t i m i n g dev ice c o m p l e t e d 
the s y s t e m . Coun t s w e r e m a d e at a p p r o p r i a t e i n t e r v a l s and the t o t a l r e c o r d e d 
a s a funct ion of p o s i t i o n on the s a m p l e . 

11 

Nai 

PHOTO-
MULT 

PRE 
AMP 

I ZZ 
H.V 

AMP 

jS.C.A. |—[SCALER] 

TIMER 

S.C.A. - SCALER 

Fig. 1 

Block Diagram of Scintilla
tion Spectrometer. ANL 
Neg. No. 122-76-720. 

The h i g h - p r e s s u r e c h r o m a t o g r a p h i c a p p a r a t u s u s e d for fo rc ing w a t e r 
t h rough the r e l a t i v e l y i m p e r v i o u s Ch icago do lomi t e i s shown in F i g . 2; i t s 
o p e r a t i o n i s d e s c r i b e d in Ref. 2. 

,.t 

"O" RINGS- ^•:. 

Fig. 2 

High-pressure Chromato
graphic Apparatus. ANL 
Neg. No. 122-903. 

PERFORATED 
SUPPORT PLATE 
FOR ROCK-

TO HIGH PRESSURE 
N2 TANK 

-H^ 

-PISTON 

-WATER 

-ROCK SAMPLE 
-ASSEMBLY 
SUPPORT PLATE 

IV. E X P E R I M E N T A L P R O C E D U R E S 

A. M i g r a t i o n of P l u t o n i u m in Los A l a m o s Tuff 

T h e s e e x p e r i m e n t s w e r e l a b o r a t o r y s i m u l a t i o n s of the m o v e m e n t of 
p l u t o n i u m and a m e r i c i u m in Los A l a m o s tuff. 
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In a t y p i c a l e x p e r i m e n t , a b l o c k of L o s A l a m o s tuff a b o u t 30 c m on 
e d g e w a s u s e d . T h e c o r i n g - l o c a t i o n a p p a r a t u s d e s c r i b e d in Ref. 3 w a s i n 
s t a l l e d a n d u s e d to d e t e r m i n e t he d e p o s i t i o n s i t e of t h e s a m p l e of p l u t o n i u m . 
T h e a p p a r a t u s i s s h o w n in F i g s . 3 a n d 4 . 

Fig. 3 

Experimental Arrangement for Coring 
Experiment. ANL Neg. No. 122-2443. 

Fig. 4 

Schematic Diagram of 
Coring Apparatus. ANL 
Neg. No. 122-75-103. 

rn 
/ 

Gloss Sample Viol 

Foom Filter 

Rubber Tubing Seol 

Perforated End Cop 

: Brass Collor 
To Vocuum Pump 

Rubber Stopper Seol 

•6mm Glass Tube 
inserted in Dril l Cosing 

n 
At a chosen deposi t ion s i t e , a s m a l l d e p r e s s i o n was d r i l l e d and an 

aqueous solution of " ^ P u v e r y slowly depos i t ed at that point by m e a n s of a 
m e t e r i n g pump. 

After the plutonium t r a c e r solut ion was al lowed to d r y , the s u r f a c e wa: 
wet with a wa te r shower of known vo lume and then al lowed to drv . This cyc l e 
was r epea ted s e v e r a l t i m e s unti l the to ta l amount of "ra infa l l" was the equiva
lent on a l a b o r a t o r y sca le of "30 in," of ra in . The block of tuff was n e v e r 
sa tu ra ted with w a t e r dur ing any p a r t i c u l a r appl ica t ion of " r a i n . " 
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at the 

o 
o 
o 

After 
s i t e of 

2.5 5.0 
Scole ft. for 30"ramfoll 

7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 

a f inal s e q u e n c e of " r a i n i n g " and " d r o u g h t , " the tuff w a s c o r e d 
i n t r o d u c t i o n of the p l u t o n i u m . E a c h c o r e i n c r e m e n t w a s 0.5 c m . 

The r e s u l t s a r e shown in F i g . 5. 
Two zones of p lu ton ium ac t i v i t y a r e 
d i s t r i b u t e d in the r o c k a s a funct ion 
of depth . The m a j o r quan t i ty of 
p l u t o n i u m i s found v e r y c l o s e to the 
o r i g i n a l s i t e of depos i t i on and h a s 
only m i g r a t e d to a m a x i m u m depth 
of about 2 c m . The s e c o n d a r y zone 
con t a i n s about 1% of the p lu ton ium 
and h a s m i g r a t e d downward to a 
depth of about 10 c m . 

T h e s e o b s e r v a t i o n s s u g g e s t 
tha t the p lu ton ium e x i s t s in tw^o 
f o r m s in aqueous solut ion. T h e s e 
" s p e c i e s " m a y be d i f fe ren t ox ida t ion 
s t a t e s o r d i f fer ing d e g r e e s of po ly
m e r i z a t i o n of the Pu( lV) ion. One 
of the zones m a y a l s o con ta in p lu 
t on ium on co l lo ida l p a r t i c l e s a s 
opposed to the ionic condi t ion of i t s 
m o r e t igh t ly bound c o u t e r p a r t . At 
the e x t r e m e d i lu t ion of t h e s e t r a c e r 
so lu t ions (10~ ^^M). it is difficult to 
c o m e to def ini te p r o v a b l e c o n c l u s i o n s 
a s to w^hich of the a f o r e m e n t i o n e d 
p o s s i b i l i t i e s i s c o r r e c t . Th i s 
" d o u b l e - z o n e " o b s e r v a t i o n s e e m s 
to be m o r e or l e s s g e n e r a l in r e 
g a r d to the m i g r a t i o n of aqueous 
so lu t ions of p lu ton ium in r o c k s . In 
addi t ion , t h e r e w e r e a l s o i m p o r t a n t 
effects due to flow^ ve loc i ty , and in 
s o m e c a s e s , a s m u c h a s 35% of the 
p l u t o n i u m w a s o b s e r v e d in the f a s t -
m o v i n g zone. 

Fig. 5. Results for Cores Taken at Various Radial 
Distances from Central Core (0-0). ANL 
Neg. No. 122-75-104. 

B. Study of the Effec t of Ra infa l l 

To d e t e r m i n e the m i g r a t i o n a s a funct ion of the t o t a l " r a i n f a l l " e x p e r i 
enced , the e x p e r i m e n t d e s c r i b e d above w a s mod i f i ed in tha t s ix s e p a r a t e s i t e s 
for t h e a p p l i c a t i o n of t r a c e r w e r e l o c a t e d by the c o r i n g a p p a r a t u s . A m e r i c i u m 
and p l u t o n i u m t r a c e r s (^^^Am and ^^^Pu) w e r e u s e d s i m u l t a n e o u s l y . Th i s p e r 
m i t t e d m i g r a t i o n r a t e s of t h e s e n u c l i d e s to be s i m u l t a n e o u s l y d e t e r m i n e d by 
d e t e c t i n g the c h a r a c t e r i s t i c r a d i a t i o n by m e a n s of the g a m m a - r a y s p e c t r o m -

241 e t e r . The 60 -keV g a m m a r a y of ""^'Am and the 100-keV X r a y of ' '^ 'Pu a r e 
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readily resolved. Not only is this important as a labor-saving m e a s u r e , but 
it enables the direct comparison of the behavior of amer ic ium and plutonium 
under the same conditions. The ambiguities of sequential-type exper iments 
due to possible inhomogeneity of the rock ma t r i x a re eliminated, Aliquots of 
the t r ace r s were applied by means of a meter ing pump at a ra te of 0.05 ml/hr 
to each site. The size of the aliquot varied from site to si te , those si tes to be 
cored last having the larges t aliquots delivered to them. This compensated for 
the anticipated deeper penetration of the plutonium. 

Simulated rainfall was intermittently applied between intervals of 
drying and covered the entire upper surface of the tuff. As before, the tuff 
was never saturated with water during any par t icular application of "ra in ." 

Since the sites were cored successively, those cored la ter experienced 
more cycles of "rain" and "drought"; thus the migrat ion of plutonium was 
measured as a function of the quantity of "rainfall ." The cycles of artificial 
rainfall-drying were initiated, and after a predetermined number of these 
cycles, the first site was cored. When the coring of each site was complete, 
the hole resulting from this operation was filled with melted paraffin and the 
"rain"-"drought" cycle continued with occasional coring. Since the "rainfall" 
covered the entire upper surface of the rock, each succeeding site experienced 
more "rain" and more "drought." 

The resul ts of these experiments a re shown in the following figures. 
Figure 6 shows the vert ical distribution of plutonium after successive ra ins 
and droughts. The curves in Fig. 7 show the comparat ive migrat ion of pluto
nium and americium in tuff. 

C. Effect of Deposition Rates and Volumes 

The logical extension of the previous experiment was to deposit the 
plutonium in successively increasing volumes and deposition ra t e s . Three 
large blocks of tuff were used and two sites chosen on each such that mutual 
interference was avoided. Two sets of three samples of mixed ^^'Am-'^^^Pu 
were used. In each set, the voliimes were 0.3, 30, and 150 ml . In the first 
set, the combined solution was deposited at each sample site in 15 min. The 
other set received its solution over a period of 15 hr per si te. 

Figures 8- 10 show the resu l t s obtained for the radial and ver t ica l 
distributions of plutonium as well as a comparison of cimericiiim and plutonium. 

D. Migration of Plutonivim into Dense Stone Samples 

Thin wafers or disks of dense Illinois Niagara l imestone and basalt 
from the EBR-II site were fabricated. The dimensions were approxinnately 
25 mm in diameter and 1.5 mm in thickness. The wafers were waxed into the 
high p ressu re chromatographic apparatus as shown in Fig. 2. 
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Fig. 6 

Vertical Distribution of Plutonium in 
Tuff as a Function of Rainfall. ANL 
Neg. No. 122-76-724. 
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Fig. 7 

Comparative Migration of Plu
tonium and Americium in Tuff. 
ANL Neg. No. 122-76-718. 
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1 ' \ ^ 
site A Pu Applied at Rate of 2 ml/mln. 

Site B Pu Applied at Rate af 0.02 ml/min. 

Site 6 .002ml Pu Applied/min Plus 
15 cm Rain 

Total Deposit; Approx. 2 x 10^ d/m 

0.00! 

T>~.» 

2 3 

DEPTH,cm 

^^ \ 

Fig. 8 

Vertical Distribution of Plutonium as 
a Function of Deposition Rate. ANL 
Neg. No. 122-76-728. 

(T ) 

Fig. 9 

Radial Distribution of Plutonium as 
a Function of Deposition Rate. ANL 
Neg. No. 122-76-725. 
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Site A Pu Applied ot Rate of I ml/min. 

Site B Pu Applied at Rate of 0.01 ml/min. 

Total Deposit: Approx. 2 x 10^ d/m 
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Applied at Rate of 11.5 ml/min. 

No Rain 

Total Deposit: Approx. I x 10^ d/m 

0.001 J_ 

Fig. 10 

Comparative Vertical Distribu
tion of Actinides on Tuff. ANL 
Neg. No. 122-76-729. 

5 7 

DEPTH,cm 

A small amount of ^^^Pu t r a c e r was deposited in the center of the disk 
and allowed to dry. The rat io of the intensi t ies of the various L Xrays from 
the plutonium deposit was measu red , after which the entire apparatus was 
assembled. The cylinder of the apparatus was filled with water and p r e s s u r e 
applied (about 1000 psi) . About one l i ter of water was forced through the 
stone wafer over a period of one week. 

At the conclusion of this operation, the disk was removed from the 
apparatus and allowed to dry. The rat io of intensi t ies of the various L X rays 
was r emeasu red and compared with the original determinat ions. The change 
in the rat io of the intensi t ies is a m e a s u r e of the depth of penetration of the 
plutonium. The r e su l t s , which a r e shown in Fig. 11, indicate a migrat ion 
coefficient m = 30 ± 10 m i c r o m e t e r s / m e t e r {\ira/m) of waterflow for the l ime
stone and 61 ± 8 fxm/m for the basal t , where m is the average distance t raveled 
by the actinide through the disk for every me te r t raveled by the water.^ 

E. Movement of Actinides through F i s s u r e s 

The movement of plutonium in aqueous solution through f i ssures in 
basal t from the EBR-II site was modeled by construction of an art if icial f i ssure 
designed to give controlled width of the f i ssure and ra te of percolat ion of 
water through it. 

The f i ssure was simulated by the apparatus shown in Fig. 12, Tablets 
of basa l t were cut with smooth surfaces . Five of the six surfaces of the tablet 
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High-pressure Chromatographic Results 
on Limestone. ANL Neg. No. 122-904. 
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Fabricated Fissure Apparatus. 
ANL Neg. No. 122-1309. 
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were rendered impervious to water by coating them with wax. The sixth sur
face was left untreated and was held in the apparatus in such a manner as to 
be exposed to and wetted by a solution containing plutonium. This "active" 
surface was held in the apparatus in such a way that it faced an inert surface 
(Teflon) a short distance away (about 0.01 cm), as shown in Fig. 12. The space 
between the basal t and Teflon surfaces then constituted the f issure through 
which the aqueous medium could flow. Since all other surfaces of the basalt 
were waxed, they did not par t ic ipate in the experiment. Consequently, all 
resul t s on the distr ibution of plutonium on the surface of the basalt were un
perturbed by effects that would otherwise have related to more complex 
geometr ies . 

The plutonium, in this case the alpha-emitt ing ^^^Pu, was introduced 
at the top of the f issure in a very small volume (about 50 |j,l) by means of an 
infusion pump. The subsequent elution of the absorbed plutonium from the 
surface of the basalt also made use of the infusion pump. Water was the 
elution medium, and, since the pump was constructed to deliver predetermined 
volumes at a slow, steady ra te , it was well suited for this kind of experiment. 

After the requis i te amount of water had been allowed to flow over the 
surface of the basal t , the flow was stopped and the basal t tablet was removed 
from its holder and dried. Scanning the surface of the rock for alpha activity 
by means of the scanning alpha counter (SADSAC) delineated the distribution 
of the plutonium on the rock. 

Here too, the distr ibution was found to occur in a double peak. This 
is c lear ly shown by the graph in Fig. 13, where there appears to be a more 
loosely bound, rapidly migrat ing component as well as a tightly bound compo
nent on the surface of the basal t " f issure ." Thus the same effect is seen in 
two dimensions with basalt that was seen in three dimensions with Los Alamos 
tuff. 

1000 TOP BOTTOM 

y 100 

Fig. 13 

Distribution of Plutonium on Basalt 
Fissure. ANL Neg. No. 122-910. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 
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A further objective was to study the kinetics of the p roces s . The 
absorption of the monomer and polymer, and their exchange, can be expressed 
by the three following equations: 

K 
Pu+* (solution) :^ Pu+* (surface), R = Rj; 

K, 
Pu+^ (solution) ^ Pun (solution), R = R2; 

(1) 

(2) 

K, 
Puj^ (solution) ^ Pun (surface), R R. (3) 

If the rate R2 is much slower than Rj or R3 and if the equil ibrium con
stant Kl is much larger than Kj or K3, then, at sufficiently slow flow r a t e s , the 
plutonium will be absorbed as a single peak of Pu+'* (surface) calculable from 
Eq. 1, 

As the rate of flow increases , the two forms of plutonium will not have 
time to interchange and two peaks will be absorbed due to react ions 1 and 3. 
At moderate flow ra tes , the peaks will be overlapping and appear as a broad 
peak. At faster flow ra tes , they will be completely separated. F igure 14 shows 
this effect and is a composite plot of the resu l t s of experiments on s imi la r 
slabs of basalt. The curve marked experiment 6 was taken using a flow veloc
ity of 17.2 cm/hr; experiment 9 used 51.7 cm/hr. As can be seen, at the slower 
velocity the peak is much sharper . 
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Fig. 14 

Effect of Flow Velocity on Plutonium 
Distribution on Surface of Basalt. ANL 
Neg. No. 122-75-316 Rev. 1. 
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F . S u r f a c e A b s o r p t i o n C o e f f i c i e n t s : V a r i a t i o n w i t h C o n c e n t r a t i o n of D i s s o l v e d 
S a l t s 

T h i s a s p e c t of t h e i n v e s t i g a t i o n a t t e m p t e d t o d e t e r m i n e t h e e f f e c t of 
d i s s o l v e d s a l t s , w h i c h m a y b e p r e s e n t i n n a t u r a l g r o u n d w a t e r s , o n t h e s u r f a c e 
a b s o r p t i o n c o e f f i c i e n t k , d e f i n e d a s 

k = ( a c t i v i t y / m l s o l u t i o n ) / ( a c t i v i t y / c m s t o n e ) . 

T h e r e w e r e t h r e e s e t s of e x p e r i m e n t s . T h e f i r s t s e t c o n s i s t e d of 
m e a s u r e m e n t s of t h e s u r f a c e a b s o r p t i o n c o e f f i c i e n t of a m e r i c i u m a n d p l u t o n i u m 
on b a s a l t s a n d l i m e s t o n e s . I n t h e s e e x p e r i m e n t s , d i s k s of t h e s t o n e w e r e 
i m m e r s e d i n s o l u t i o n s of 4 x 10" ^M P u ( N 0 3 ) 4 o r 1 0 " ' ' M A m ( N 0 3 ) 3 . S m a l l a l i 
q u o t s (0 .05%) of t h e s o l u t i o n s w e r e r e m o v e d , d r i e d o n t a n t a l u m p l a n c h e t s , a n d 
t h e n p l a c e d in a n i n t e r n a l a l p h a p r o p o r t i o n a l c o u n t e r . W h e n t h e c o u n t i n g r a t e 
of s a m p l e s t a k e n a t 1 2 - h r i n t e r v a l s h a d b e c o m e c o n s t a n t , t h i s w a s r e g a r d e d 
a s e v i d e n c e of t h e a t t a i n m e n t of e q u i l i b r i u m . T h e v a l u e of k f o r p u r e s o l u t i o n s 
of P u ( N 0 3 ) ^ a t 4 x l O ' ^ M w a s f o u n d t o b e 0 . 1 0 ± 0 .02 f o r l i m e s t o n e a n d 0 . 0 7 ± 
0 .02 fo r b a s a l t s . T h e v a l u e of k f o r 1 0 " ' ' M s o l u t i o n s of A m ( N 0 3 ) 3 w a s 0 . 0 4 1 ± 
0 .02 f o r b a s a l t s . T o o b s e r v e t h e e f f e c t on t h i s a b s o r p t i o n c o n s t a n t of o t h e r 
i o n s , t h e v a l u e of k w a s m e a s u r e d f o r s o l u t i o n s c o n t a i n i n g Na"*", C a + + , Sr"*"*", 
La"*"^, a n d Zr+"* i o n s a t v a r i o u s m o l a r i t i e s . F i g u r e s 1 5 - 1 7 i l l u s t r a t e t h e v a r i a 
t i o n i n k f o r a m e r i c i u m a n d p l u t o n i u m a s a f u n c t i o n of t h e c o n c e n t r a t i o n of 
t h e s e s a l t s . 

~^ \o 

I x lO ' 

Fig. 15 

Variation in k for Plutonium Solutions in Limestone 
as a Function of Other Ionic Concentrations. ANL 
Neg. No. 122-905. 
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Fig. 16 

Variation of k for Plutonium Solutions 
in Basalts. ANL Neg. No. 122-1014, 

Fig. 17 

Variation of k for Americium Solutions 
in Basalts. ANL Neg. No. 122-1600. ° 10" 
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The concentrations of the "^Pu in the salt solutions shown in F igs . 15 
and 16 were determined by alpha counting; the concentrations of amer ic ium in 
the salt solutions shown in Fig. 17 were determined by gamma counting. Since 
the alpha-counting techniques are much more susceptible to sample th ickness . 
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the a b r u p t b e n d s in the c u r v e s in F ig . 16 at h igh sa l t c o n c e n t r a t i o n s m a y in 
p a r t be c a u s e d by th i s effect. H o w e v e r , they m a y a l s o be c a u s e d by h y d r o l y s i s 
or p o l y m e r i z a t i o n of the p lu ton ium s o l u t i o n s . 

All c u r v e s for a m e r i c i u m and p l u t o n i u m show the s a m e t r e n d : d i s p l a c e 
m e n t of the a c t i n i d e ions f r o m the binding s i t e s on the r o c k m a t r i x by h i g h e r 
c o n c e n t r a t i o n s of o the r m e t a l l i c ions and i n c r e a s i n g l y e a s i e r d i s p l a c e m e n t by 
m o r e h igh ly c h a r g e d ions . 

An effort w a s m a d e to avoid the i n a c c u r a c i e s i n h e r e n t in a t t e m p t i n g to 
count a lpha p a r t i c l e s f r o m c o n c e n t r a t e d sa l t so lu t ions of p lu ton ium. The u s e 
of ^^^Pu w a s i nd i ca t ed , and a c c o r d i n g l y aqueous so lu t ions of ^^^Pu in s e p a r a t e 
tubes w e r e p r e p a r e d in to wh ich t a b l e t s of ca r e fu l l y c l eaned , a c c u r a t e l y m e a 
su red Ch icago d o l o m i t e w e r e i m m e r s e d . After a l lowing con tac t for about 
five d a y s , the t a b l e t s w e r e r e m o v e d f r o m the p lu ton ium solut ion and counted 
in the g a m m a - r a y s p e c t r o m e t e r and the amoun t of ^^^Pu a b s o r b e d de te rna ined . 
E x p e r i e n c e showed tha t e q u i l i b r i u m v/as a t t a i ned at the end of th i s p e r i o d . 

At t h i s po in t , sol id NaCl w a s added to the aqueous p lu ton ium so lu t ions 
to m a k e each so lu t ion 0. IM. E a c h t ab l e t w a s r e i m m e r s e d in i t s own tube and 
again a l lowed to c o m e to e q u i l i b r i u m with the solut ion a s be fo re (five days ) . 
At the end of th i s t i m e , the a m o u n t of a c t i v i t y r e m a i n i n g in the so lu t ion w a s 
s e p a r a t e l y d e t e r m i n e d . Th i s w a s a c c o m p l i s h e d by wi thd rawing the t a b l e t s of 
rock by m e a n s of a fine p l a t i n u m w i r e affixed to t h e m and count ing the so lu t ion 
a lone. The i n c r e a s e of the ac t i v i t y in the so lu t ion was a m e a s u r e of the amoun t 
of p lu ton ium d e s o r b e d . When the ac t i v i t y in the solut ion r e a c h e d a cons t an t 
va lue , e q u i l i b r i u m w a s a s s u m e d . 

The t a b l e t s w e r e e a c h i m m e r s e d in s u c c e s s i v e l y m o r e c o n c e n t r a t e d 
NaCl s o l u t i o n s , m a d e by adding so l id NaCl in the p r o p e r a m o u n t s , and the 
sequence of m e a s u r e m e n t s r e p e a t e d un t i l e q u i l i b r i u m w a s aga in a c h i e v e d for 
each m o l a r i t y of NaCl and for each t ab le t and tube . By th i s m e a n s , a se t of 
va lues w a s ob ta ined tha t p e r m i t t e d the c a l c u l a t i o n of s u r f a c e a b s o r p t i o n coef
f ic ients a s a funct ion of the m o l a r i t y of the s a l t so lu t ion in con tac t wi th the 
do lomi te . The da ta for a t y p i c a l se t of e x p e r i m e n t s in 0 ,5M NaCl a r e given 
in Tab le I, and the c u r v e in F i g , 18 r e p r e s e n t s the plot of the a v e r a g e v a l u e s 
of the s u r f a c e a b s o r p t i o n coef f i c ien t s k for each c o n c e n t r a t i o n of NaCl , The 
de t a i l s of t h e s e e x p e r i m e n t s a r e given by Volesky , 

G. A t t e m p t s to D e t e r r a i n e R e l a t i v e M i g r a t i o n R a t e s 

A c y l i n d e r of Los A l a m o s tuff w a s f a b r i c a t e d whose d i m e n s i o n s w e r e 
2,0 c m in d i a m e t e r and 7.8 c m long (vo lume = 24.5 cm^; f r e e - c o l u m n vo lume = 
2.5 cm^). The ou t e r c y l i n d r i c a l s u r f a c e w a s waxed to r e n d e r it i m p e r v i o u s , 
and the c y l i n d e r w a s then waxed into the end of a g l a s s tube a s shown in F i g . 19. 
With the m e t e r i n g p u m p , a 0 . 3 0 - m l so lu t ion con ta in ing 5 x 10^ c o u n t s / m i n ( c / m ) 
of ^^^Am and 1.5 x 10^ c / m of ^^^Pu w a s app l i ed to the top of the c o l u m n of r o c k 
o v e r a 1 2 - h r p e r i o d and a l lowed to d r y . 
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TABLE I. Absorption of ^"Pu on Niagara Limestone 
Data for Samples in a 0.5M Solution of NaCl at 

(Chicago Dolomite); 
Equi l ibr ium^ 

Sample 

18 

19 

20 

21 

22 

23 

24 

25 

27 

28 

29 

Solution 
and Tube 

7070 

8636 

8834 

8769 

7832 

7296 

6587 

9220 

8571 

8076 

8821 

Activity 

NET/ml^ 

3393 

4144 

4239 

4208 

3758 

3501 

3161 

4424 

4113 

3875 

4233 

counts per 

Absorbed 
on Rock 

7464 

6754 

6817 

5896 

7004 

7 348 

8321 

7075 

7515 

7398 

7704 

minute) 

NET/cm^ 

2466 

3213 

3200 

3148 

3201 

3244 

2885 

3270 

3917 

3195 

3327 

Average 

k^ 

1.37 

1.28 

1.32 

1.33 

1.17 

1.07 

1.09 

1.34 

1.04 

1.20 

1.26 

1.24 

P e r c e n t 
Absorbed 

42.09 

43.67 

43.02 

42.79 

46.00 

48.09 

41.72 

42.50 

48.78 

45.19 

44.01 

44.35 

^It was determined that a tes t tube containing 0.5M NaCl would adsorb 
4.04 ± 0.68% of the "^Pu from the 2 ml of solution. 

°The value given in the NET/ml column is less 4.04% due to this ad so rp 
tion on the g lass . 

^The values for k fall within the range of the s tandard deviation. 
"The value given in the Percen t Absorbed column is the average for that 

sample of the plutonium absorbed from 1 ml of solution to 1 cm^ of rock. 
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Fig. 18. Absorption of Plutonium on Limestone as a Function 
of NaCl Concentration. ANL Neg. No. 122-76-726. 



25 

glass tube 
5 X 1.6cm 

wash water 

Fig. 19 

Schematic Diagram of Elution Column Made 
with Tuff Plug. ANLNeg. No. 122-75-103. 

tuff specimen 
2.5 X 1.2cm 

At the end of th i s p e r i o d , an a t t e m p t w a s m a d e to e lute the depos i t of 
a m e r i c i u m and p lu ton ium th rough the 7 . 8 - c m length of r o c k by p a s s i n g w a t e r 
th rough the s y s t e m . Th is e lu t ion w a s c a r r i e d out ove r an e i g h t - w e e k p e r i o d 
us ing 2500 m l of w a t e r d u r i n g the p r o c e s s (1000 f r e e - c o l u m n v o l u m e s ) . This 
c o r r e s p o n d s to a r a t e of about 52 m a y e a r for the r a t e of advance of the w a t e r 
th rough the s tone . 

At the end of th i s p e r i o d , a to ta l of 1.5 x 10^ c /m of ^^^Pu and 110 c /m 
of A m had been c o l l e c t e d , ind ica t ing that the bulk of the ac t iv i ty w a s s t i l l 
bound to the tuff. 

The c o l u m n w a s d i s a s s e m b l e d and an effort m a d e to loca te the ac t i v i t y 
in the body of the c y l i n d e r of tuff. By s u c c e s s i v e sec t ion ing of the m a t e r i a l , 
and m e a s u r i n g the ac t i v i t y in each s ec t i on ( n o r m a l i z e d for the weight of tuff), 
the d i s t r i b u t i o n of the ac t i v i t y could be d e t e r m i n e d . The r e s u l t s a r e shown in 
F i g . 20. 

It c an be s e e n tha t the ac t i v i t y had not advanced t h rough the r o c k m o r e 
than 1 o r 2 c m . When th i s i s c o m p a r e d wi th the m o v e m e n t of w a t e r , it is s e e n 
that the w a t e r a d v a n c e s about 25,000 t i m e s m o r e r a p i d l y th rough the p o r e s in 
the tuff, a s s u m i n g a 10% p o r e v o l u m e . 

At t h i s r a t e , if the a p p a r e n t advance of the r a d i o n u c l i d e s r e p r e s e n t s 
an e q u i l i b r i u m condi t ion , it would r e q u i r e about 2 x 10* m l of w a t e r to r e m o v e 
it f r o m the c y l i n d e r of tuff. We t h e r e f o r e dec ided to r e d u c e the c o l u m n of tuff 
for t h i s e x p e r i m e n t to m o r e m a n a g e a b l e d i m e n s i o n s . 
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Fig. 20 

Comparison of Relative Migration Rates 
in Tuff. ANL Neg. No. 122-76-722. 
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DEPTH In cm 

A s m a l l c o l u m n p a c k e d w i t h c r u s h e d w a s h e d tuff w a s c o n s t r u c t e d . T h e 
c o l u m n v o l u m e w a s of t h e o r d e r of 0 .07 m l , a n d a s s u m i n g a b o u t 10% v o i d , t h e 
f r e e - c o l u m n v o l u m e w a s 0 .007 m l . 

P l u t o n i u m - 2 3 7 w a s d e p o s i t e d on t h e t o p of t h e c o l u m n . T h e f i r s t 
100 m l , o r 1.4 x 10* f r e e - c o l u m n v o l u m e s , c o n t a i n e d a b o u t 0 . 5 % of t h e p l u t o 
n i u m . A b o u t 0 . 7 5 % of t h e t o t a l w a s c o n t a i n e d in 1400 m l o r 2 x 10^ c o l u m n 
v o l u m e s ( s e e F i g . 21) . T h i s i m p l i e s t h a t t h e b o u n d a r y of t h e w a t e r p r o g r e s s e d 
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Elution of Plutonium and Americium in Col
umn of Tuff. ANL Neg. No. 122-76-727. 
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2 X 10^ t imes m o r e rapidly than the bulk of the plutonium. A typical aquifer 
will have a ra te of water flow between 0.16 and 1.6 km per year. The ra te of 
plutonium advance from a site in such a s t ra tum having the same binding 
p roper t i e s as tuff would be from 1.6 x 10"^ to 1.6 x 10"^ km/year. Obviously, 
a t r a c e r experiment such as this is only an approximiation to real field condi
tions, but it may be argued that the t r a c e r experiment is essential ly conserva
tive and that a rea l s t ra tum would be a much m o r e effective filter for colloidal 
par t ic les that the short column used he re . 

H. Elect rochromatographic Behavior of T race r Pu-Am in Water 

It has general ly been assumed that both plutonium and americ ium in 
neutral aqueous solutions existed as positive ions with the plutonium in the 
plus (IV) state and the amer ic ium in the plus (III) state. It was understood that 
the ions were not necessa r i ly quadruply or t r iply charged and that hydrolysis , 
or polymerization could effectively lower the net positive charge. However, 
experiments by Cohen cas t some doubt on these assumptions, and an experi
ment was therfore ca r r i ed out to determine the sign of the charge on these 
ions in water equilibrated with tuff. 

A mixture of ^^^Pu-^^^Am in water was spotted on prewetted filter paper 
(7.5 X 25 cm), and a 400-V dc potential was applied for 110 min. Under these 
conditions, a cur ren t of about 7 mA flowed. The data shown in Fig. 22 and 

CATHODE ANODE 

Fig. 22 

Electromigration Behavior 
of Activity. ANL Neg. 
No. 122-76-719. 

2 4 

DISTANCE, cm 
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listed in Table II indicate the activity of amer ic ium and plutonium migrat ing 
to the negative and positive poles. As can be seen, these resu l t s show that 
the americium is essentially neutral or slightly anionic (negatively charged) 
while the plutonium is much more anionic. A small anionic plutonium peak 
was observed at about 3.5 cm. This again indicates the existence of a second 
species of plutonium. 

TABLE II. E l e c t r o m i g r a t i o n of P lu ton ium 
and A m e r i c i u m Ions 

Cathode 

"'Am, 
c/m 

11909 

56 

20 

1 

7 

Zone 

"'Pu, 
c/m 

1638 

41 

16 

24 

9 

Anode 

"'Am, 
c/m 

41563 

2729 

409 

132 

21 

29 

19 

-

-

-

-

-

-

Zone 

"'Pu, 
c/m 

2805 

1576 

986 

805 

684 

857 

1160 

884 

543 

266 

119 

-

-

Distance 
from 

Center, 
cm 

1 

^ 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

V. CONCLUSIONS 

The objective of these experiments is the determination of the impor
tant parameters concerned in the prediction of the migrat ion of actinide wastes 
from geological storage sites. Several conclusions concerning this objective 
may be inferred from these data. 

1. The bulk of the plutonium and amer ic ium is very tenaciously held 
by the stony mater ia ls studied (tuff, basalt , l imestone). This is evidenced by: 

a. The slow rate of migrat ion (10"^ m/m of water flow) in the 
modeling experiments. 

, . , . , , ^- ^^^ f issure experiments and surface absorption measu remen t s 
which yield similar resul ts when cor rec ted for pore size. 
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c. The p e n e t r a t i o n of p l u t o n i u m into l i r a e s t o n e , as m e a s u r e d b-"-
X - r a y a b s o r p t i o n , y ie ld ing a r e l a t i v e m i g r a t i o n r a t e of, a t m o s t , 30 |j,m/m of 
w a t e r flow. This is in s u b s t a n t i a l a g r e e m e n t wi th the o the r types of e x p e r i 
m e n t s u s ing the a v e r a g e va lue of the r e l a t i v e m i g r a t i o n coeff ic ient for p lu to 
n ium (10" m / m of w a t e r flow) and a w a t e r - f l o w ve loc i ty of 0.16 k m / y e a r . 
F i g u r e 23 i s a plot of the ac t i v i t y d i s t r i b u t i o n of ^•'^Pu m i g r a t i n g f r o m a hypo
the t i ca l d e p o s i t o r y . 

As can be s een in F i g . 24 , the bulk of the ^^^Pu would decay long 
before it could m i g r a t e 1 k m . T h u s , in the event of e. c a t a s t r o p h i c i n t r u s i o n 
of p lu ton ium into an aqu i fe r (in one of t h e s e m e d i a ) , the bulk of the p lu ton ium 
would not s u r v i v e the m i g r a t i o n to the e x t e r n a l e n v i r o n m e n t . 

Pu23̂  t|/2= 2.4x10^ yrs 
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Fig. 23. Migration of Plutonium for Hypothetical 
Depository. ANL Neg. No. 122-76-721. 

Fig. 24. Migration of Plutonium through an 
Aquifer. ANLNeg. No. 122-76-723. 

2. Some a m o u n t , l e s s than 35% of the p lu ton ium in t h e s e e x p e r i m e n t s , 
a p p e a r s to m i g r a t e about t en t i m e s a s fas t a s the bulk of the p lu ton ium. The 
amount of the m o r e r a p i d l y m i g r a t i n g s p e c i e s a p p e a r s to v a r y widely and is 
undoubted ly affected by the c h e m i c a l m i l i e u and k i n e t i c s . The r a p i d l y m i g r a t 
ing s p e c i e s m a y be a p o l y m e r i c f o r m of p lu ton ium, e i t h e r by i t se l f o r a b s o r b e d 
on fine m i n e r a l p a r t i c l e s . E v i d e n c e for t h e s e c o n c l u s i o n s i s shown by: 

a. The p r e s e n c e of two p e a k s in the d i s t r i b u t i o n of p lu ton ium 
found du r ing the f i s s u r e and m o d e l i n g e x p e r i m e n t s . 

The changing width of the p lu ton ium d i s t r i b u t i o n in the f i s s u r e 

e x p e r i m e n t s . 

3. Some s m a l l f r ac t ion of the p lu ton ium and a m e r i c i u m m i g r a t e s 
m o r e r a p i d l y ( e i t h e r v e r t i c a l l y o r r a d i a l l y ) than the bulk of t h e s e s p e c i e s and 
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a p p e a r s to give an "exponent ia l leading edge" in a plot of c o n c e n t r a t i o n of 
these spec i e s aga ins t d i s t ance m i g r a t e d . Howeve r , once fixed, even th i s 
f rac t ion b e c o m e s much l e s s mob i l e . This i s ev idenced by the o b s e r v a t i o n s 
that : 

a. Although rap id m i g r a t i o n o c c u r s upon addi t ion of the o r i g i n a l 
solut ion in the e x p e r i m e n t s , the ac t iv i ty d i s t r i b u t i o n s do not a p p e a r to change 
(or move) r a d i c a l l y af ter amoun t s of ra in fa l l m u c h l a r g e r than the o r i g i n a l 
solut ion vo lumes ( see F ig . 6) a r e added. 

b. Vary ing the addi t ion r a t e of p lu ton ium by an o r d e r of m a g n i t u d e 
a l so changed the amount of r ap id ly moving p lu ton ium by an o r d e r of m a g n i t u d e 
(from 0.1 to 1%) but did not change the m a x i m u m depth of p e n e t r a t i o n a p p r e c i a b l y . 

This r ap id m i g r a t i o n m a y be due to p lu ton ium so lu te be ing c a r r i e d 
through the p o r e s by a h igh -ve loc i ty , u n s a t u r a t e d flow of so lu t ion , which m a y 
not have had sufficient t ime to a b s o r b on the p o r e s u r f a c e s . In add i t ion , the 
thin solvent f i lm p r e s e n t unde r u n s a t u r a t e d flow condi t ions m a y con ta in v e r y 
l a r g e concen t r a t ions of d i s so lved s a l t s ; thus the p lu ton ium a b s o r p t i o n m a y be 
c o n s i d e r a b l y d imin i shed . T h e r e f o r e it would a p p e a r to be m o s t i m p o r t a n t to 
m i n i m i z e th is type of u n s a t u r a t e d m i g r a t i o n of the w a s t e s in a s t o r a g e s i t e in 
the event of a c a l ami tous i n c u r s i o n of w a t e r . This could be a c c o m p l i s h e d by 
plac ing the s t o r age s i te in h i g h - e x c h a n g e - c a p a c i t y , nonporous s t r a t a and by 
su r round ing the w a s t e s with a s t ab le , i on -exchang ing a b s o r p t i v e m a t e r i a l . 
Both of t he se m e a s u r e s would have the effect of s lowing the o r i g i n a l outflow 
of d i s so lved w a s t e s and thus reduc ing the u n s a t u r a t e d m i g r a t i o n . 

4. The chemica l m i l i eu can d r a s t i c a l l y i n c r e a s e the m i g r a t i o n r a t e 
of p lutonium and a m e r i c i u m . This can be i n f e r r e d f rom the fac ts tha t : 

a. The sur face abso rp t ion coeff ic ien ts a r e affected by the types 
and concen t ra t ions of o ther s a l t s . E v e n so lu t ions a s d i lu te a s 10"'*M of h ighly 
cha rged ions can effect a subs tan t i a l de so rp t i on of p lu ton ium and a m e r i c i u m . 

b. Concen t ra ted solut ions of l e s s e r c h a r g e d s p e c i e s , such a s 
NaCl, c ause much s m a l l e r but s t i l l a p p r e c i a b l e d e s o r p t i o n . 

It is t he r e fo re i m p o r t a n t to c o n s i d e r not only the geo log ica l q u i e s 
cence of a s to rage s i te but a l so the c h e m i c a l and m i g r a t i o n a l b e h a v i o r in c a s e 
of an acc identa l influx of w a t e r . 

These conc lus ions ind ica te that if a p p r o p r i a t e a t t en t ion is g iven 
to the geological and c h e m i c a l m e d i a , it is p o s s i b l e to c o n s t r u c t an a c t i n i d e 
was te depos i to ry , that will m a i n t a i n i so l a t ion f rom the e n v i r o n m e n t , even in 
the event of a ma jo r in t rus ion of w a t e r . 
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